This manuscript contains the development stages of a multi-purpose wind tunnel built at the Faculty of Engineering and Built Environment, Universiti Kebangsaan Malaysia. The fully automated wind tunnel is named Pangkor after an island in Perak, Malaysia. The development of the wind tunnel consists of three stages namely the design, fabrication and testing & commissioning. The computational fluids dynamic (CFD) approach was employed to ascertain the main geometries to optimize space utilization. Calculations are made based on typical wind tunnel design guidelines. Pitot tubes-pressure transducer, hotwire anemometry, temperature, room humidity and barometric sensors were used to verify actual flow of our construction. A traverse installed at the wind tunnel is capable of a two dimensional movements. The 15 kW axial fan used is especially selected because of space limitation. A variable frequency drive (VFD) connected to fan's motor allows velocity control from a computer. All devices are connected a computer with one single controlling software; Scilab -ensuring ease of operation. The project shows that, with a limited budget, a wind tunnel with full functionalities could be constructed.
INTRODUCTION
Wind tunnels are widely used to measure aerodynamic behaviour of solid objects. These facilities provide actual drags, lift and other aerodynamic properties important for aircraft operations, car aerodynamic features such as side mirror, bicycle helmet and etc. Having wind tunnel facilities was considered of strategic importance during the Cold War; the development of supersonic aircraft as well as missiles gave upper hands advantages in the war. Early studies of wind tunnel were recorded in 1742 and 1759, simulated by Robins [1] and Smeaton [2] , where both studies used rotational object on an arm to create the air flow. Wind tunnel are widely used to study aerodynamic properties of flow past an object/s e.g. in the automotive industries [3] or simply flow properties on the wall i.e. boundary layer studies [4] .
Wind tunnel experiments also provide the necessary information for much larger atmosphericscale boundary layer studies. The wind tunnels results are compared with bigger facilities for especially flow similarities [4] , [5] . The features of natural wind in the atmospheric boundary layer were only properly simulated in 1950s [6] , [8] . Since then, extensive research have been conducted to improve the wind characteristics in the wind tunnel, notably by placing flow-adjustment devices and the advancements in data-acquisition systems [9] , [10] . Wind tunnel permits an exploration of atmospheric boundary layer effects on building structures, pollutant dispersion, windinduced vibration and weather prediction [11] , [15] . Investigation of simulated natural wind characteristics on small-scale models in boundary-layer wind tunnel (BLWT) contributed to enhancement of scope and accuracy in both research and design.
Even with recent and updated technologies, materialising a functional wind tunnel proved to be a challenge, particularly with restricted funding. This artcile describes the development of low-cost, multipurpose and automated close-circuit wind tunnel. The paramount requirement is to have a proper simulation of the characteristics of a controlled flow using local material, in-house fabrication and self-assembly. Even working with limitations, attentions were paid to the foregoing requirements of surface roughness, flow structure, pressure gradient and sufficient upwind fetch.
DESIGN

Planning
Prior to starting detailed design works, the team deliberated a few main criteria which were (a) the type of wind tunnel to be constructed, (b) available funds, (c) space in laboratory and (d) benchmarks. The first three items are inter-related; the wind tunnel designs should be tailored to meet the specific research goal and is subject to budget and facility limitations. We decided that the wind tunnel should be used to study the flow characteristics/aerodynamic of objects, boundary layer as well as for the use of particle image velocimetry (PIV). With the space available at Makmal Kejuruteraan Air dan Pantai (The Laboratory of Water and Beach Engineering), Department of Civil and Structure, Faculty of Engineering and Built Environment, UKM, a space of about 12 m long, 4 m wide and 3 m height allows for the use of wind tunnel facility. The place was only use for laboratory works either for undergraduates or for research works. Noise, vibrations and potential hazards from the operations of a wind tunnel will unlikely affect existing use of the laboratory which currently holds typical undergraduate laboratory works. The facility has existing typical mechanical services such as ventilation and plumbing & sanitary and electrical services such as lighting and more importantly an electrical source for the fan and motor. Furthermore, a wifi connection is within good range and this is important for detecting faults in the programming required to automate the wind tunnel. At the start, funds were low and only main equipment were purchased/constructed such as the settling chamber, contraction section and the stands.
The team made a few visits to local institutions where wind tunnel facilities were available [16] , [17] in 2013. From these visits, general requirements such as the needs of hotwire etching chamber (hotwire is the sensor for hotwire anemometry), programmable traverse, and automatic operations of wind tunnels for ease of measurement were taken into considerations.
Main Design Criteria
The general layout of the open circuit wind tunnel is shown in Figure 1 . The wind tunnel consists of a transition duct, blower, diffuser, settling chamber, and contraction nozzle and test section at the end of the duct. A 2-axis travel can be seen located above the test section.
Fan motor. The brand of fan motor is Elprom with 15 kW controlled by a variable frequency drive (VFD). We have chosen an axial fan model MSA 1000 because of the space limitation, fan capacity and efficiency. This fan is comparatively small and can fit in the laboratory.
Transition Duct/ Conversion Duct. The cylindrical duct has been used to allow the installation of the axial flow fan which works as drive system for the upstream flow. Thus, the transition duct with conical shape (D = 1000 mm) at just at the exit of the motor section converts the flow from rectangular to conical shape (W x D = 1000 mm x 1000 mm). To ensure that no harmful flow occurs while passing this duct, numerical study has been performed and the flow characteristics confirmed before proceeding with the rest of design. The total length of conversion duct is approximately 1.5 m.
Diffuser. The diffuser is located just downstream of the conversion duct. The cross sectional area of diffuser increases mildly to avoid separation of flow. Therefore, the settling chamber will have to take on the exit side of diffuser. A diffuser reduces the fluid kinetic energy while increasing the static pressure inside the duct. It decelerates the high-speed flow from the blower side. The flow through a diffuser depends on its geometry defined by the area ratio, diffuser angle, wall contour and diffuser cross-sectional shapes. The required diffuser to design is with minimum level of flow separation. Present design diffuser duct is based on experimental results by Kline's experiments [18] who studied the two dimensional flow inside the diffuser under the effect of diffuser angle and their length, as shown in Figure 2 . We also considered newer design parameters performed by the group at the Royal Institute of Technology (KTH) [19] . , provides a guideline for pressure loss estimation in the diffuser [21] , [23] . Figure 3(b) illustrates three different shapes of diffuser duct; cubical, rectangular and conical. All cases mentioned above show loss coefficient which increases with diffuser angles. The present diffuser duct has an entrance area of 1000 mm x 1000 mm and exit area of 1200 mm x 1200 mm. That represents cubical ratio A2/A1 of 1.44. The equivalent pressure loss coefficient is in between 0.2 to 0.3.
The loss coefficient through the screen needs to be considered. Here, the details study of screen inside the diffuser section presented by Mehta and Bradshaw [22] is repeated. Two layers of screen are installed at the beginning and between the two-part diffuser sections. Each screen with two-layer 15 mm and 4 mm wire mesh have been used to improve the flow quality by controlling or curbing the boundary layer separation [28] . Screens are also used to reduce the turbulence intensity [32] . The details study of screen inside the diffuser section is presented by Mehta and Bradshaw [22] . The formulation for predicting pressure drop coefficient K through the screen proposed by Wieghardt [29] , is used here; 2 , and it is recommended that β < 0.5 [28] , here d is the screen wire diameter, l is the screen mesh length and ν is the kinematic viscousity. It is found that the range of velocity for the application is 0 < U < 20 m/s as suggested by [30] , [31] . Table 1 shows the details of screen calculation by applying Eq. 1. [32] . Applying this ratio produces 0.9423 and 0.8583 generated by the two layer of screens respectively. This results in a composite turbulence intensity reduction factor of 0.654 due to the two screens (the two values multiplied for the smaller and bigger mesh and then squared to reflect that two part of screens of the same screen geometries have been used). The turbulence intensity reduction due to the contraction by using Batchelor's relation [33] , [34] with contraction ratio 2. Where c is the contraction ratio. The result is a reduction factor of 0.692 due to the contraction alone. Hence, the composite turbulence reduction factor for the combined screens and contraction is 0.452 and by assuming the inlet turbulence 10%, the total turbulence intensity by screens and contraction nozzle is to be on the order of 0.045 or 4%.
Settling Chamber
In most tunnels, the flow conditioning section contains a honeycomb, screens and a settling chamber. Once the flow exits the diffuser section, it passes the settling chamber (see Figure 1) . The uniformization process starts in the settling chamber. In the case of low quality flow requirement, a simple constant section duct could be provided to connect the settling chamber exit to the entrance of the contraction nozzle. However, when a high quality flow is required, some devices can be installed to increase flow uniformity and reduce the turbulence levels at the entrance of contraction. The most commonly used devices are screen and honeycombs. Note again that the installation of these devices could contribute to the pressure loss [22] .
Contraction Nozzle
The inlet contraction plays a critical role in determining the flow quality in the test section. A well designed contraction nozzle should speed up the flow, decrease turbulence intensity and create a uniform flow, while avoiding separation before entering the test section. Based on Figure 4 (a), the contraction nozzle need to be axisymmetric shape and more than 15 different methods have been proposed, and few have been experimentally tested [24] . Present design 
of two-dimensional contraction nozzle is the same method proposed by Rouse and Hassan [25] , which was based on electrical field analogy to obtain the axisymmetric line. A schematic of the contraction shape polynomials is explained by Figure 4 (b) and Eq. 3 and 4. Here, distance from centreline to measured contraction wall is R, the distance in streamline direction is x, entrance contraction diameter is Ds, exit contraction diameter is D, contraction nozzle length is L and the two polynomials are matched at a specified location xi. Due to the demand of wider test section area for the present work, the contraction ratio is limited to 2.4:1 with total length of 1400 mm. Figure  4 (b) illustrates the polynomials shape obtained from the calculation based on this method. Note that, the matched point of polynomials shape occurs at x = 375 mm.
(a) Guideline for contraction [24] (b) Calculated contraction for current design Figure 4 The design approach for the contraction nozzle Test Section. The test section is made from 15 mm thick acrylic sheets. Transparent test section is preferred for its ease of operation. The test section has 1200 mm width, 500 mm and 2000 mm long. The frame is made from stainless steel 'L' bars. Since it is possible that some of the sections sag, the top part of the test section are sufficiently connected with ball screws so that test section upper section's desired levels could be achieved. A constructed traverse is placed on the test section as shown in Figure 1(a) and 1(b) . Maximum speeds possible with the current settings is 25 m/s. Table  2 -Axis Traverse and Rotating Table. Figure 5(a) shows a 2-axis traverse. The purpose of the traverse system is for mounting sensors namely the Pitot tube, hotwire or temperature probes. The 2-axis mechanism is composed of two sliders in two-set guides (vertical and horizontal). This traverse is powered by two finestep, stepper motors (400 steps per revolution). The traverse is built taking largely the design from the University of Melbourne's Green Tunnel 2-axis traverse construction [26] .
Traversing Mechanism And Rotating
The Vecta steppers motors model PK266-034 are connected to motor Velmex controllers with model VXM-3. With ball screw pitch of 1.6 mm for both vertical and horizontal, the traverse gives a movement finer than 0.1 mm, or 4 x 10 -3 mm per step to be exact. Figure 5(b) shows the rotating table. The material for the main support structure is 50 mm x 50 mm hollow mild steel with 4 mm thickness. The protractor is made from aluminum block of 10 mm thickness. The engraving of the protractor was implemented using CNC machine. The main rod that will reach into the middle section of the wind tunnel's test section is made from 16 mm stainless steel rod. The 16 mm diameter rod was previously used by this group in the NACA 0026 test at Universiti Teknologi Malaysia, skudai and it appeared that this size sufficiently held our 600 mm span x 615 mm chord x 15.6 mm thickness NACA 0026 airfoil firmly and without significant vibrations [27] . 
Automation
The most important features of the wind tunnel is its functionalities and ease of use. As mentioned before, a single point control is preferred because operations can be made simple. Scilab is the only software used for controlling air flow speeds, traverse system and the acquisition operations.
Figure 6
Diagram of connectivity of all devices to a computer using Scilab Figure 6 shows the diagram of all connectivity. Starting from the motor, a National Instrument (NI) data acquisition (DAQ) system is used to send signal to the VFD. The fan speed was controlled through an output voltage signal produced by the NI DAQ 6008 module under request of Scilab. The rest of connectivity for all sensors, stepper motors and other devices are listed in the diagram. We have to leave the details and readers are encouraged to visit www.ukm.my/zambri/consult/WT.htm for Scilab programming codes and the connection methods.
FLOW QUALITY AND COMMISSIONING
Prior to hotwire and pitot tube measurements, the wind tunnel has been run continuously for eight hours for different fan frequency to test fan general working performance including speeds and temperature. No abnormalities were observed except for insufficiency current.
Flow qualities are the only analysis presented here. Figure 7 (a) shows the velocity profile at the centerline of the wind tunnel, 1700 mm from the start of the test section. The measurements uses hotwire anemometry, set at 20 KHz, measurement period of 10 s, platinum wire of 5 µm, and sensor length of approximately 1.5 mm and overheat ratio of 1.7. The horizontal axis in the plot is the entire extent of test section height i.e. 500 mm. The speed in this measurement is set at approximately 22 m/s or at the highest frequency sent to the controller's VFD. Each measurement point is separated by 10 mm, therefore there are 49 points in this measurement. The solid line indicates mean velocity taken 50 mm from each bottom and top surfaces i.e. four points from each surfaces are omitted from the mean velocity calculation. The dashed-lines indicate 2% deviation from the mean velocities. With all points lie within the 2% deviation, the centerline at 1700 mm is ready for aerodynamic measurement. Note that this is also the location where slot for traverse and infrastructure for rotating table have been allocated. Table 1 and subsequent Batchelor's formulation (Eq. 2). An improvement will have to be done further up in the wind tunnel if lower intensities are required. Currently honeycomb is being installed. From both profiles, the boundary layer thickness δ is approximated to be 50-60 mm i.e. within the expectation from the calculation. 
CONCLUSION
We have constructed a wind tunnel made mostly from stainless steel body and acrylic body low speed wind tunnel for aerodynamic as well as boundary layer research. Pangkor is capable of 25 m/s speed research and could be run automatically for long period of time. This is possible since all controls are made from one single source -a computer and a software. The internally designed and built wind tunnel allows the turbulence team to go for much focused research. We have omitted computational fluid dynamics (CFD) analysis but only presented selected data for this article.
